




























Churches	 are	 an	 important	 part	 of	 our	 cultural	 heritage,	 and	many	 now	 provide	 community	
activities	 in	 addition	 to	 worship.	 This	 requires	 reconsideration	 of	 environmental	 needs,	 to	
provide	efficient,	comfortable	and	healthy	conditions.	
	
Churches	 contain	 many	 culturally	 valuable	 artefacts	 and	 materials	 that	 are	 sensitive	 to	 the	
environment,	yet	have	survived	for	centuries	in	their	natural	conditions.	Most	churches	in	the	







that	 occupancy	 issues	must	 be	 considering.	 In	 order	 to	 reduce	 carbon	 emissions,	 responsive	
heating	 systems	 are	 most	 appropriate	 in	 intermittently	 occupied	 churches,	 and	 in	 high	


















Most	 European	 churches	 are	 historic	 buildings	 where	 people	 congregate	 intermittently	 for	
short	 periods	 of	 time	 with	 relatively	 long	 intervals	 in	 between	 (Varas-Muriel,	 2014).	 The	
historical,	 and	 natural,	 environmental	 conditions	 inside	 church	 buildings	 are	 determined	
primarily	 by	 the	 external	 climate	 at	 that	 location,	 the	 building	 structure	 and	 size	 and	 the	
materials	used	in	their	construction	(Varas-Muriel,	2014;	Napp	and	Kalamees,	2015).		
	
Historic	 buildings	 are	 a	 particularly	 important	 and	 vulnerable	 building	 category,	 and	 they	
provide	 challenges	 in	 conservation	 and	 comfort	 terms	 (Makrodimitri	 et	 al,	 2011).	 Churches	
contain	 many	 kinds	 of	 culturally	 valuable	 artefacts	 and	 objects,	 including	 paintings,	 frescos,	
metals,	 textiles	and	composite	objects	 like	organs.	All	of	 these	can	be	significantly	affected	by	
conditions	 of	 temperature	 and	 relative	 humidity	 (Camuffo	 and	 della	 Valle,	 2007)	 and	 are	
deteriorating	primarily	through	the	impact	of	an	artificial	climate	produced	by	indoor	heating	in	









Most	 churches	 were	 never	 designed	 or	 built	 to	 be	 as	 warm	 as	 we	 expect	 them	 to	 be	 today	
(Makrodimitri	et	al,	2011),	although	 fireplaces	have	been	 found	 in	a	very	 few	churches	 in	 the	




conditions	 in	 churches	do	not	generally	satisfy	 the	 requirements	 for	human	thermal	 comfort,	
particularly	in	the	winter,	and	so	since	the	early	twentieth	century,	a	significant	proportion	of	




places	of	worship	(BSI,	2011)	states	 that	churches	 in	cold	climates	may	be	heated	 in	order	 to	
provide	 thermal	 comfort	 for	 the	 occupants,	 improve	 environmental	 conditions	 for	 the	
conservation	 of	 the	 building	 and	 its	 contents,	 or	 a	 combination	 of	 the	 two.	 The	 standard	
provides	guidance	 for	decisions	 relating	 to	 the	building,	 the	 indoor	 climate	 specification	with	





damp	 air	 is	 inefficient,	 since	 people	 only	 occupy	 a	 very	 small	 proportion	 of	 the	 volume	 and	
warm	air	tends	to	rise	to	areas	of	the	space	that	are	unoccupied	(Varas-Muriel	et	al,	2014).	
	





stock	 in	 order	 to	 increase	 energy	 efficiency	 in	 ways	 sympathetic	 to	 their	 historic	 character	
(English	Heritage,	2001;	2004).	The	Church	of	England	reports	that	space	heating	accounts	for	
the	 majority	 of	 carbon	 emissions	 from	 churches,	 with	 electric	 light	 following	 close	 behind	
(Makrodimitri	 et	 al,	 2011;	 Church	 of	 England,	 2008),	 and	 has	 been	 proactive	 in	 setting	 out	
policy	for	reducing	the	carbon	footprint	of	churches	and	associated	buildings	in	their	seven	year	
plan	 for	 achieving	 an	80%	reduction	 in	 carbon	emissions	 from	churches	by	2050	 (Church	of	
England,	2009).	
	
In	 more	 modern	 churches,	 built	 from	 the	 mid	 20th	 century	 onwards,	 guidance	 on	 practical	
considerations	 for	 environmental	 control	 does	 not	 generally	 consider	 the	 impact	 of	 the	
environmental	conditions	on	sensitive	materials	and	artefacts,	primarily,	it	is	thought,	because	
these	 contemporary	 places	 of	 worship	 contain	 relatively	 few	 objects	 requiring	 preservation	
compared	 to	 traditional	 historic	 buildings.	 In	 his	 comprehensive	 guidance	 on	 the	 modern	
church,	written	 in	 the	mid-1950’s,	Mills	 sets	 out	 practical	 considerations	 for	modern	 church	
buildings	 and	 covers	 strategies	 for	 heating	 and	 ventilation	 to	 ensure	 thermal	 comfort	 and	

















The	 primary	 aim	 of	 this	 study	 was	 to	 consider	 the	 factors	 affecting	 performance	 of	 heating	
systems	 in	 churches,	 including,	 broadly,	 the	 heating	 system	 and	 control	 strategy,	 the	




systems	 in	order	 to	optimise	occupant	 comfort	 and	 the	preservation	of	 sensitive	objects	 and	
artefacts	 in	 church	 buildings.	 This	 required	 the	 consideration	 of	 heating	 system	 strategy,	










The	 thermal	 comfort	 of	 the	 occupants	 in	 a	 building	 is	 dependent	 upon	 four	 environmental	
factors	 and	 two	 personal	 factors.	 These	 factors	 include	 the	 air	 temperature,	 mean	 radiant	
temperature,	relative	humidity,	air	velocity,	the	activity	levels	of	the	occupants	and	the	levels	of	











for	 conservation	 of	 historical	 artefacts	 relate	 only	 to	 relative	 humidity	 ranges	 and	 those	
commonly	quoted	 are	between	30%	and	60%	(Makrodimitri	 et	 al,	 2011,	 2012;	Erhardt	 et	al,	
1997).	 In	 fact,	 the	 European	 Standard	 for	 the	 conservation	 of	 cultural	 property	 (BSI,	 2011)	
describes	relative	humidity	as	the	most	critical	parameter	for	conservation	requirements	and	it	




















In	 order	 to	 satisfy	 the	 required	 conditions	 for	 the	 conservation	 of	 most	 artefacts	 found	 in	
churches,	 it	can	be	concluded	that	temperature	should	be	kept	within	a	range	of	15°C	to	25°C	
and	 relative	 humidity	within	 a	 range	 of	 35%	 to	 65%.	 These	 ranges,	 particularly	 in	 terms	 of	
temperature,	are	based	upon	a	number	of	literature	sources	that	deal	with	church	buildings	and	
museums	 and	 galleries,	 and	 as	 such,	 it	 is	 recognised	 that	 in	 practice	 the	 lower	 temperature	
range	of	15°C	 is	not	easily	achieved	 in	church	buildings	where	 for	significant	periods	of	 time,	
when	churches	are	unoccupied,	the	internal	temperatures	will	revert	to	colder	ambient	external	
conditions.	Nonetheless,	 in	order	 to	deal	with	material	deterioration,	particularly	 in	buildings	
that	were	traditionally	unheated	but	more	recently	have	heating	regimes	imposed	on	them,	the	






European	 Standards	 exist	 that	 deal	 with	 the	 conservation	 of	 cultural	 property	 and	 the	
specification	 for	 temperature	 and	 humidity	 to	 limit	 damage	 to	 hygroscopic	 materials	 (BSI,	












systems	 were	 generally	 localised	 fireplaces	 or	 central	 systems,	 retrofitted	 to	 an	 existing	
building,	 often	 adding	historical	 richness	 to	 the	buildings	 that	 they	have	now	serviced	 for	 so	
long	 (Makrodimitri	 et	 al,	 2011).	 Contemporary	 heating	 systems	 are	 numerous	 and	 church	
buildings	 are	 often	 dealt	 with	 inappropriately,	 leading	 to	 draughts,	 thermal	 stratification,	
condensation,	 deterioration	 and	 elevated	 energy	 consumption	 (Makrodimitri	 et	 al,	 2011).	





historic	 buildings	 and	 heating	 regimes	 can	 be	 divided	 into	 three	 categories:	 no	 heating,	
intermittent	 heating	 and	 continuous	 heating	 (Makrodimitri	 et	 al,	 2011;	 BSI,	 2011).	 Heating	
strategies	are	also	often	categorised	in	terms	of	two	main	systems:	central	heating	which	heats	
the	whole	 volume	 of	 the	building,	 and	 localised	heating	where	 the	 general	 volume	 is	 kept	 at	












2007).	 It	 is	 the	 fluctuating	 conditions	 that	 have	 the	 greatest	 impact	 on	 artefacts,	 and	 stable	
conditions,	 either	 ambient	 or	 continuous	 heating,	 have	 a	 significantly	 lower	 potential	 for	
damage.	 Common	 central	 heating	 systems	 include	 forced	 air	 systems	and	 hot	water	 radiator	
systems	because	 they	are	relatively	 low	cost	 to	 install	and	 they	can	heat	 large	volumes	of	air	
relatively	quickly	(Varas-Muriel	et	al,	2014).	
	
Warm	 air	 systems	 are	 found	 in	 many	 churches	 and	 these	 often	 tend	 to	 induce	 significant	





Localised	heating	has	often	been	 installed	 in	 churches	primarily	 for	 reasons	of	 cost.	 It	makes	
better	 use	 of	 energy	 by	 focusing	 heat	 where	 it	 is	 required	 for	 comfort	 while	 promoting	
conservation	since	sensitive	artefacts	remain	in	their	natural	environment	(Camuffo	and	della	
Valle,	2007).	Thermal	comfort	is	often	lower	than	with	central	heating	because	various	systems	
only	 provide	 heat	 to	 certain	 parts	 of	 the	 body,	 such	 as	 heads	 and	 shoulders,	whilst	 ignoring	
other	parts,	 such	 as	 legs	 and	 feet	 (Camuffo	 and	della	Valle,	 2007).	Radiant	 emitters	and	pew	
heating	 are	 common	 solutions	 and	 these	 provide	 a	 practical	 solution	 for	 ensuring	 occupant	
comfort	 and	 conservation	 (Camuffo	 and	 della	 Valle,	 2007).	 Localised	 systems	 are	 found	
regularly,	 and	 include	 radiant	 heat	 emitters,	 forced	 and	 fan	 convectors,	 flueless	 heaters	 and	
stoves	(Makrodimitri	et	al,	2011).	
	
If	 churches	 are	only	 intermittently	heated,	 the	 congregation	 themselves	bring	 in	 a	significant	
moisture	 load	which	 then	becomes	 absorbed	by	 the	warm	air.	When	 the	 congregation	 leaves	
then	the	air	cools	and	can	no	longer	support	this	moisture	vapour	and	water	condenses	on	cold	









A	 number	 of	 European	 studies	 have	 demonstrated	 the	 potential	 consequences	 of	 the	 use	 of	
traditional	warm	air	heating	systems	and	their	negative	impact	on	the	conservation	of	church	
heritage.	Alternative	heating	systems,	which	have	less	impact	on	both	conservation	and	energy	
consumption,	 have	 been	 utilised	 in	 many	 churches,	 including	 radiant	 heating,	 underfloor	
heating	 and	 pew	 heating,	 all	 designed	 to	 raise	 temperatures	 local	 to	 the	 church	 occupants	
without	significantly	impacting	on	the	overall	indoor	environment	(Varas-Muriel	et	al,	2014).	
	
One	of	 the	most	 significant,	 and	widely	 reported,	European	 studies	of	 church	heating	 system	
strategy	 is	 the	 European	 Commission	 (EC)	 funded	 Friendly	 Heating	 project.	 The	 project	
addressed	 a	 number	 of	 problems	 that	 are	 caused	 by	 continuous	 or	 intermittent	 heating	 of	
historic	churches,	and	the	 impact	 that	this	has	on	occupant	comfort	and	artefact	preservation	
(Camuffo,	 2007,	 2011;	 Camuffo	 et	 al,	 2010).	 The	 project	 sought	 a	 heating	 strategy	 solution	
where	 thermal	 comfort	 and	 artefact	 conservation	 were	 both	 satisfied.	 The	 solution	 adopted	
requires	localised	heating	in	the	form	of	low	temperature	radiant	heaters	placed	in	pews.	These	
provide	comfort	only	in	the	zones	 that	are	occupied	by	people	and	ensure	 that	 the	remaining	




heavy	 clothing	 during	 the	 coldest	 periods.	 	 A	 number	 of	 other,	 broader,	 conclusions	 of	 the	




comfort	 is	 required	 but	 conservation	 should	 have	 priority.	 Improving	 the	 church	 envelope,	
levels	 of	 insulation	 and	airtightness	 are	 important	 and	only	once	 these	have	been	dealt	with	
should	the	heating	strategy	and	system	be	considered;	a	‘fabric	first’	principle	(Camuffo,	2011).	
European	 standards	 (BSI,	 2011)	 reinforce	 the	 point	 that	 thermal	 comfort	 is	 often	 in	 conflict	
with	requirements	for	conservation	and	that	compromise	is	often	required.	
	
In	 the	 UK,	 relatively	 few	 environmental	 heating	 studies	 have	 been	 carried	 out	 in	 churches.	
However,	 in	a	study	of	four	churches	in	Cambridge,	UK,	four	different	heating	strategies	were	
evaluated	 through	 monitoring	 internal	 conditions	 at	 several	 locations.	 The	 results	 showed	
significant	 variation	 in	 the	 internal	 conditions	measured	 in	 each	 church	 and	 that	 conditions	





combines	 constant	 ambient	warm	 conditions	 at	 low	 temperature	 (12C	 –	15C),	with	 localised	
heating	 introduced	 in	 those	areas	 that	are	occupied	should	be	developed	(Makrodimitri	et	al,	
2011).	It	is	interesting	to	note	that	the	church	which	had	electric	local	heating	in	the	pews	was	












on	 the	 principles	 of	 the	 Friendly	 Heating	 project.	 The	 new	 heating	 system	 provided	 small	




In	 another	 study,	 carried	 out	 in	 the	 Giant	Hall	 of	 a	mediaeval	 palace	 in	 Padova,	 Italy,	 it	was	
concluded	that	the	intermittent	heating	of	historical	buildings	results	in	a	number	of	problems,	
which	 relate	 to	 heating	 system	 and	 strategy,	 the	 most	 important	 impact	 being	 significant	
fluctuations	 in	 temperature	 and	 relative	 humidity.	 The	 project	 recommended	 two	 innovative	
solutions,	the	first	being	to	maintain	constant	internal	temperatures	during	the	cold	season	but	
compensate	 for	 the	 subsequent	 lowering	of	 relative	humidity,	 and	 the	 second	being	 localised	
heating,	which	warms	the	people,	not	the	room	(Camuffo	et	al,	2004).	
	




this	 case	 the	 existing	 floor	 needed	 replacing	 anyway.	 The	 study	 highlighted	 that	 this	 type	 of	





the	 warm	 air	 heating	 system	 was	 on,	 there	 was	 significant	 stratification	 of	 environmental	
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carried	 out	 in	 a	 church	 in	 Harju	 Risti,	 Estonia,	 a	 cold	 climate,	 it	 was	 found	 that	 adaptive	
ventilation	was	appropriate	when	indoor	humidity	levels	were	high,	that	conservation	heating	
with	 a	 heat	 pump	 was	 energy	 efficient	 for	 a	 significant	 proportion	 of	 the	 time,	 and	 that	
dehumidification	was	 effective	during	 the	 coldest	periods	 (Napp	 and	Kalamees,	 2015).	 Other	
studies	 in	cold	climates	have	shown	that	conservation	heating	can	be	used	 to	control	relative	
humidity	 in	 order	 to	 conserve	 sensitive	 artefacts	 and	 that	 there	 is	 a	 significant	 potential	 for	
conserving	energy	by	using	heat	pump	technology	and	replacing	thermostats	with	hygrostats.	
In	this	strategy,	indoor	relative	humidity	is	controlled	by	heating	the	space	to	a	point	where	the	





This	 project	 was	 carried	 out	 to	 evaluate	 the	 environmental	 performance	 of	 three	 church	
buildings	 in	 Kent	 and	 West	 Sussex,	 in	 the	 UK,	 in	 order	 to	 evaluate	 heating	 strategy,	


















St	Bartholomew	Church	 in	Bobbing	 is	a	Grade	1	 listed	building	and	 is	shown	 in	Figure	2.	The	





The	 primary	 mode	 of	 heating	 at	 St	 Bartholomew	 is	 electric	 radiant	 wall	 heaters	 which	 are	
mounted	 at	 high	 level,	 above	 the	 pews,	 as	 shown	 in	 Figure	 2.	 In	 addition	 to	 this	 there	 is	 an	
electric	heat	curtain	system	over	 the	main	door	 to	 the	church,	which	gets	switched	off	during	

















when	 the	 complete	 Victorian	 floor	 was	 removed	 and	 replaced	 with	 a	 dry	 installed	 system	
incorporating	underfloor	heating.	The	underfloor	heating	system	is	a	wet	system	with	two	high	
efficiency	 gas	 fired	 condensing	 boilers,	 controlled	via	 floor	 and	 room	 thermostats,	with	 a	 set	
point	 temperature	 of	 13°C,	 ensuring	 that	 the	 temperature	 in	 the	 church	 is	 kept	 above	 this	
temperature	at	all	 times,	even	when	unoccupied.	The	system	incorporates	a	 layer	of	recycled	
foam	glass,	onto	which	is	placed	polystyrene	panels	with	aluminium	heat	diffusers	and	pre-cut	








ordered	during	 the	Victorian	period.	The	 church	 is	 faced	 in	 flint,	with	 re-used	Horsham	roof-
slabs	above	boarded	roofs.	Though	wider	than	its	predecessor,	the	north	aisle	keeps	a	lean-to	

















controls,	building	 fabric	 interaction,	 resource	consumption	and	the	 impact	of	 these	 factors	on	





a	 three-week	 period,	 during	 the	 heating	 season,	 between	 the	 7th	 and	 27th	 January	 2015.	 As	




The	 environmental	 conditions	 inside	 and	 outside	 the	 churches	 were	 measured	 using	 self-









describes	 the	 importance	 of	 the	 impact	 of	 air	 exchange	 rates	 on	 indoor	 environmental	
conditions	and	energy	consumption.	It	also	sets	out	the	requirement	for	establishing	the	historic	
indoor	climate,	which	requires	temperature	and	relative	humidity	to	be	monitored	for	a	period	




Two	 further	Standards	deal	with	 the	procedures	and	 instruments	 for	measuring	 temperature	
and	humidity	in	cultural	property	(BSI,	2010b,	2012).	The	impact	of	temperature	is	important	
and	can	have	an	effect	on	objects	as	they	expand	and	contract	with	changing	temperatures,	the	
rate	 at	 which	 chemical	 reactions	 take	 place,	 the	 rate	 of	 bio-deterioration	 and	 the	 impact	 of	
temperature	on	relative	humidity.	Control	of	 temperature	 is	 therefore	 important	and	reduces	
the	 risk	 of	 damage	 to	 objects	 and	 artefacts.	 The	 standard	 makes	 recommendations	 for	
procedures	 to	 be	 adopted	 in	 measuring	 both	 air	 temperatures	 and	 surface	 temperatures,	
acknowledging	that	some	services	are	very	sensitive	to	this.	Since	the	heating	strategies	in	the	
churches	 in	 this	 study	 include	 both	 radiant	 and	 convective	 heating,	 the	 hygrothermal	






Environmental	 conditions	 of	 temperature	 and	 relative	 humidity,	 inside	 and	 outside	 of	 each	
church,	were	measured	every	30	minutes,	 using	 a	 combination	of	HOBO	H8	and	LASCAR	EL-
USB-2	 hygrothermal	 dataloggers.	 HOBO	 H8	 dataloggers	 have	 an	 uncertainty	 (accuracy)	 of	
±0.7°C	at	21.0°C	and	±5.0%	RH.	LASCAR	EL_USB_2	dataloggers	have	an	uncertainty	(accuracy)	
of	 ±0.5°C	 at	 21.0°C	 and	 ±3.0%	 RH.	 The	 HOBO	 dataloggers	 were	 used	 to	 measure	 external	
conditions	 and	 the	 LASCAR	 dataloggers	 where	 used	 inside	 the	 churches.	 The	 hygrothermal	
dataloggers	are	shown	in	Figure	5.	
	
European	 standard	 EN15758:2010	 (BSI,	 2010b)	 specifies	 characteristics	 of	 temperature	
measuring	instruments	and	those	used	inside	the	churches	comply	with	the	requirements	of	the	
standard,	particularly	in	terms	of	range	and	uncertainty	(accuracy).	The	external	hygrothermal	
dataloggers	 had	 lower	 levels	 of	 accuracy	 but	 these	 were	 supported	 by	 additional	 data	 from	
third-party	 sources	 to	 corroborate	 the	 collected	 data.	 The	 impact	 of	 humidity	 on	 the	
conservation	 of	 objects	 and	 artefacts	 is	 critical	 and	 therefore	 its	 control	 is	 fundamental	 in	
conservation	 terms.	Most	materials	are	directly	or	 indirectly	affected	by	changes	 in	humidity.	
Relative	humidity	has	an	 impact	on	 the	rate	of	chemical	reactions,	and	hygroscopic	materials	
absorb	and	desorb	moisture	and,	eventually	reach	an	Equilibrium	Moisture	Content	(EMC)	with	
respect	 to	 surrounding	 temperatures	 and	 relative	 humidity.	 It	 is	 the	 variations	 in	 EMC	 that	
induces	 expansion	 and	 contraction	 in	 objects	 and	 high	 levels	 induce	mould	 growth.	 Another	
European	 standard,	 EN16242:2012	 (BSI,	 2012),	 specifies	 the	 minimum	 requirements	 for	
humidity	 measuring	 instruments	 and	 defines	 these	 in	 terms	 of	 accuracy	 levels	 1	 to	 4	












each	of	 these	 two	 locations	 the	 conditions	were	 also	measured	at	 various	heights	 in	order	 to	
evaluate	vertical	temperature	stratification,	critical	in	this	project.	Conditions	were	measured	at	
heights	 of	 0.5m,	 2.0m,	 3.0m	 and	 4.0m	 above	 the	 finished	 floor	 level,	 by	 attaching	 the	
hygrothermal	 dataloggers	 to	 string	 lines	 and	 suspending	 them	 from	 high	 level.	 An	 image	
showing	a	 typical	string	 line,	with	hygrothermal	dataloggers,	 in	St	Bartholomews,	Bobbing,	 is	
shown	in	Figure	6.	In	addition,	two	hygrothermal	dataloggers	were	placed	outside	each	church	
in	 order	 to	 quantify	 external	 conditions	 measured	 simultaneously	 with	 those	 inside.	 The	
locations	of	the	hygrothermal	dataloggers	at	each	church	are	shown	in	Figure	7.	
	











The	 results	 for	 the	 data	 collected	 in	 the	 three	 churches	 are	 shown	 in	 a	 variety	 of	 different	











of	 occupancy.	 The	 data	 shows	 clearly	 that	 the	 relative	 humidity	 levels	 in	 the	 churches	 are	
significantly	influenced	by	the	average	temperatures.	Despite	the	fact	that	the	vapour	pressure	
in	 Ashington	 and	 Bobbing	 are	 very	 similar,	 the	 measured	 levels	 of	 relative	 humidity	 are	
significantly	 different;	 on	 average	 20%	 lower	 in	 Ashington,	 primarily	 due	 to	 higher	 average	
temperatures	but	also	due	to	higher	levels	of	occupancy	and	a	more	continuous	heating	regime.	
	
The	 temperature	 and	 relative	 humidity	 data	 for	 all	 three	 churches,	 Bobbing,	 Ashington	 and	
Washington,	for	the	full	monitoring	period,	 is	shown	in	Figures	9,	10	and	11	respectively.	The	
data	 is	presented	 for	the	measured	conditions	at	each	of	 the	hygrothermal	datalogger	heights	
above	 floor	 level	and	also	 for	 the	external	conditions.	For	each	of	 these	 figures,	 the	 top	chart	
shows	the	measured	data	for	temperature	and	the	bottom	chart	for	relative	humidity.	The	data	
for	each	height	represents	the	average	conditions	measured	in	the	two	internal	locations	at	that	




conditions	 take	place	 and	 reflects	 the	 times	during	 this	period	 that	 the	 church	was	occupied.	
During	 these	 periods	 the	 temperature	 increases	 at	 the	 same	 time	 as	 the	 relative	 humidity	
reduces,	reflecting	the	direct	relationship	between	these	two	parameters.	Each	church	responds	












the	 environmental	 conditions	 in	 each	 church	 over	 a	 prolonged	 period	 of	 time	 in	 terms	 of	
occupancy	and	heating	pattern.	 In	order	 to	 focus	on	 the	responsiveness	of	 the	building	 fabric	
and	systems,	and	on	thermal	stratification,	it	is	essential	to	focus	on	specific	days	when	there	is	
known	occupancy	and	heating	patterns.	In	the	case	of	these	three	church	buildings,	there	were	
three	 Sundays	 when	 the	 churches	 were	 occupied	 by	 the	 congregation	 for	 normal	 Sunday	
service,	where	 direct	 comparisons	 between	 the	 data	 can	 be	made.	 The	 data	 being	 presented	
here	was	 collected	 for	 the	 full	 24	 hour	 period	 of	 Sunday	 11th	 January	2015	 and	Sunday	 25th	
January	2015.	 Sunday	18th	 January	was	not	 included	 in	 this	 analysis	 because	 it	was	 reported	
that	 the	 heating	 system	 at	 Washington	 malfunctioned,	 as	 can	 be	 seen	 clearly	 in	 the	 data	
collected	at	this	location.	This	data	is	shown	in	Figure	12,	and	a	direct	comparison	can	be	made	
between	 the	 three	 churches	 and	 their	 response	 to	 the	 heating	 regimes	 that	 are	 required	 to	
provide	 comfort	 conditions	during	 the	periods	of	 occupancy.	 It	 is	 clear	 from	 the	data	 that	 in	








conditions.	 In	 Ashington,	 with	 underfloor	 heating,	 inherent	 thermal	 mass,	 and	 a	 continual	
background	temperature,	the	response	is	much	slower	and	there	is	a	relatively	gradual	increase	
in	temperature	over	a	much	longer	period	of	time;	at	the	end	of	the	heating	period,	the	church	




Levels	 of	 heat	 stratification	 are	 also	 indicated	 in	 these	 results,	with	 the	 largest	 variations	 in	




two	 charts	 which	 show	 the	 measured	 internal	 conditions	 for	 each	 church	 and	 the	 broad	
environmental	 envelopes	 that	 provide	 human	 thermal	 comfort	 and	 conservation	 of	 sensitive	
artefacts	(as	shown	previously	 in	Figure	1).	This	 is	shown	 in	Figure	13	and	 indicates	 that	the	
conditions	 in	 all	 three	 churches	 rarely	 satisfy	 those	 identified	as	being	 required	 for	occupant	








It	has	been	previously	established	 that	 thermal	stratification	 is	a	significant	problem	 in	many	




different	 heights	 has	 allowed	 this	 issue	 to	 be	 addressed,	 and	 an	 analysis	 of	 the	 vertical	
stratification	of	temperatures	has	been	carried	out	for	both	of	these	days,	as	shown	in	Figure	14.	
This	 data	 has	 been	 determined	 by	 comparing	 the	 difference	 between	 the	 minimum	 and	




is	 mostly	 radiant	 and	 partly	 convective;	 and	 highest	 at	 Washington,	 where	 the	 convective	






using	 very	 dense	 stone	 materials	 which	 exhibit	 high	 levels	 of	 thermal	 inertia.	 As	 reported	
earlier	in	the	literature,	buildings	of	this	type	and	age	were	not	designed	or	built	to	incorporate	
heating	systems	and	the	systems	installed	to	provide	thermal	comfort	are	very	late	additions	to	
the	buildings,	within	the	context	of	 the	building	 life.	The	 three	 churches	were	selected	 in	 this	
study	 because	 the	 heating	 systems	 and	 strategies	 are	 very	 different:	 Bobbing	 has	 electric	
radiant	 air	 heating,	 Ashington	 has	 a	 gas-fired	 water	 based	 underfloor	 heating	 system	 and	
Washington	has	a	gas	fired	convective	system	installed.	All	three	types	of	heating	strategy	are	
commonly	 found	 in	churches	across	 the	UK,	although	the	 installation	of	underfloor	heating	 is	








Bobbing	 and	Washington	are	 very	 similar,	 but	 those	measured	at	 Ashington	are,	 on	 average,	
some	4°C	lower.	This	is	supported	by	the	fact	that	there	were	two	data	loggers	at	each	location	
and	 those	 at	 Ashington	 both	 indicated	 lower	 temperatures	 at	 this	 specific	 location,	 and	was	
further	corroborated	by	third	party	climatic	data	from	the	local	Crawley	Down	Weather	Station	
(internet,	2015b),	which	provided	additional	support	that	temperatures	in	this	locality	dropped	
to	 the	 levels	 measured.	 The	 external	 relative	 humidity	 data	 at	 all	 three	 locations	 are	 very	
similar.	
	
The	 temperatures	 measured	 inside	 each	 church	 show	 clearly	 the	 periods	 of	 occupancy	 and	
heating	cycles,	with	both	Bobbing	and	Washington	having	peaks	in	internal	temperatures	which	
coincide	 with	 the	 occupancy	 data	 provided	 by	 the	 church	 representatives.	 In	 these	 two	
churches,	 it	 is	clear	that	during	unoccupied	periods	 the	 temperatures	remain	relatively	stable	
and	a	few	degrees	above	the	ambient	external	conditions.	When	the	heating	is	switched	on	the	
temperatures	 rise,	 by	 between	 7°C	 and	 9°C,	 and	 when	 the	 heating	 is	 switched	 off	 the	






hot	 source),	 or	 warms	 the	 volume	 of	 air	 in	 the	 church	 (through	 convection),	 and	 very	 little	
interaction	takes	place	between	the	internal	environmental	conditions	and	the	thermal	mass	of	
the	 building	 fabric.	 The	 temperature	measurements	 at	 Ashington	are	 very	 different	 and	 it	 is	
more	difficult	to	see	from	the	data	when	the	church	is	occupied.	This	is	due	to	the	fact	that	the	
system	 has	 been	 designed	 to	 keep	 the	 church	 constantly	 above	 a	 minimum	 set-point	
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this	 is	that	 the	system	uses	relatively	less	energy	to	operate	but	for	considerably	 longer,	as	 is	





At	 Ashington,	 the	 CO2	 and	 occupancy	 data	 in	 terms	 of	 occupancy	 and	 heating	 pattern,	 is	
complicated	by	the	 fact	that	 the	heating	system	is,	 in	effect,	 constantly	operating,	maintaining	




that	 the	 heating	 patterns	 provided	 by	 the	 Ashington	 church	 representative	 significantly	
underestimate	the	overall	period	of	time	when	the	heating	system	is	operating	due	to	the	fact	
that	the	conditions	of	the	church	are	maintained	at	all	times	above	the	set-point	temperature	of	
13°C.	 This	 modifies	 the	 results	 significantly,	 for	 Ashington	 church.	 The	 heating	 system	 was	
operating	 for	162.5	hours,	 rather	 than	 the	47.5	hours	originally	specified.	The	 implications	of	
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The	 relative	 humidity	 data	 for	 all	 three	 churches	 generally	 reflects	 the	 trends	 of	 the	
temperature	data,	in	that	as	temperatures	rise	internally,	the	relative	humidity	falls,	as	would	be	
expected.	However,	the	relative	humidity	in	Bobbing	and	in	Washington	is	high,	on	average,	and	
this	 is	 likely	 to	 be	 primarily	 related	 to	 the	 generally	 cold	 internal	 temperatures	 during	
unoccupied	periods.	The	relative	humidity	data	collected	inside	Ashington	tells	a	very	different	
story,	with	 levels	being	not	 only	 considerably	 lower	 than	 in	 the	other	 two	 churches	but	 also	
considerably	 lower	 than	 the	 simultaneous	 data	 collected	 outside	 the	 church.	 This	 can	 be	
explained	 by	 the	 heating	 strategy	 at	 Ashington,	 being	 one	 where	 the	 temperatures	 are	
maintained	 constantly	 above	 a	 set-point	 temperature,	where	because	higher	 average	 internal	
temperatures	 are	 constantly	 maintained,	 the	 levels	 of	 relative	 humidity	 remain	 at	 a	 lower,	
healthier	 and	 more	 comfortable	 level.	 This	 might	 be	 particularly	 relevant	 where	 the	
deterioration	 of	 the	 building	 fabric	 is	 affected	 by	 high	 relative	 humidity	 levels,	 although	
temperature	plays	an	important	part	in	this	issue	too,	as	is	reported	in	the	literature	previously.	
	
The	 daily	 results	 also	 provide	 some	 interesting	 differences	 in	 the	 response	 of	 the	 heating	
systems,	 and	 fabric,	 of	 the	 three	 churches,	 and	 in	 the	 stratification	 of	 the	 temperatures	
measured.	An	energy	efficient	heating	system	is	one	that	provides	thermal	comfort	conditions	
to	 the	 areas	occupied	by	 the	building	occupants.	 In	most	buildings	 this	 is	 the	occupied	 space	
between	floor	level	and	2m	above	floor	level.	Church	buildings	are	notoriously	difficult	to	heat	
efficiently	 because	 warm	 air	 tends	 to	 rise	 to	 the	 upper	 parts	 of	 the	 building	 volume	 and	





radiant	 heating	 systems,	 rather	 than	 air-warming	 heating	 systems,	 which	 provide	 thermal	





more	 gradually	 and	 cooling	 down	 more	 gradually,	 demonstrating	 clearly	 the	 impact	 of	 the	
thermal	mass	 of	 the	 system	 and	 the	 fabric	 of	 the	 building.	 In	 order	 for	 the	 church	 to	 reach	
comfort	temperatures	in	the	middle	of	the	day,	the	heating	system	starts	this	gentle	warming	up	
process	 at	 2am.	 Throughout	 the	 whole	 heating	 and	 cooling	 process	 there	 is	 very	 little	
stratification	of	temperatures	at	heights	of	0.5m,	2.0m	and	3.0m	heights,	and	the	temperatures	




Washington	 has	 a	 slightly	 faster	 response	 to	 the	 heating	 being	 switched	 on,	 and	 in	 order	 to	
ensure	 thermal	 comfort	 temperatures	 in	 the	 middle	 of	 the	 day,	 the	 heating	 switches	 on	 at	
around	3.30am.	As	 temperatures	 climb	 in	 the	 church,	 the	 stratification	at	different	heights	 is	
significant,	and	as	much	as	3°C	between	the	maximum	and	minimum	temperatures	recorded.	












Bobbing	 shows	 a	 significantly	 steeper	 temperature	 rise	 than	 the	 other	 two	 churches	 and	
suggests	that	 the	comfort	of	 the	occupants	 is	achieved	very	quickly	via	electrical	 radiant	heat	
exchangers.	This	is	an	inherently	efficient	way	of	heating	large	volume	spaces	that	are	occupied	
intermittently,	but	it	also	consumes	a	significant	amount	of	electricity,	which	has	a	significantly	
larger	CO2	 emission	 rate	per	 kWh	consumed	 than	gas	(and	 consequently	 is	more	 expensive).	
The	 literature	 has	 shown	 that	 this	 type	 of	 localised	 heating	 is	 often	 installed	 in	 churches	










It	 is	 appreciated	 that	 a	 study	 of	 this	 nature,	 over	 a	 three-week	 period,	 can	 serve	 only	 as	 an	
exploratory	study	and	that	further	measurements	over	a	longer	period	of	time,	preferably	a	full	
year,	but	at	least	over	a	full	heating	season,	is	desirable.	However,	despite	the	limited	duration	




Measured	 conditions	 show	 clearly	 the	 periods	 of	 occupation,	 and	 they	 are	 very	 different	 for	
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each	 of	 the	 three	 churches.	 Bobbing	 is	 rarely	 occupied	 and	 really	 only	 heated	 for	 Sunday	
services,	with	some	evening	bell	 ringing;	Washington	 is	similar	but	has	more	regular	services	
although	 there	was	 clearly	 a	 failure	 in	 the	heating	 system	on	Sunday	18th;	Ashington	 is	 very	
regularly	occupied	by	a	variety	of	different	groups	throughout	a	typical	week.	
	













constantly	maintains	 temperatures	above	 a	 set-point	minimum.	Bobbing	 and	Washington	are	
not	regularly	occupied	and	the	heating	systems	are	switched	on	and	off	only	in	order	to	provide	
comfort	during	 intermittent	periods	of	occupation.	 It	can	be	argued	that	 the	systems	that	are	
currently	installed	in	all	three	churches	are	appropriate	for	their	levels	of	occupancy,	but	they	
wouldn’t	 necessarily	be	 appropriate	 if	 occupancy	 levels	 and	patterns	 changed.	 It	 also	 follows	
that	 the	 levels	of	occupancy	in	any	community	church	building	might	grow	significantly	if	the	







Washington	are	 generally	high	 (cold)	 and	 in	Ashington	 they	 are	 low	 (warm).	 In	 terms	of	 the	






of	 the	 time	 and	 that	 the	 heating	 system	 is	 often	 switched	 on	 outside	 hours	 of	 occupancy	 to	














system	 is	 being	 most	 efficiently	 used	 in	 terms	 of	 stratification	 and	 heating	 the	 area	 of	 the	
building	 that	 is	 occupied.	 Ashington	 is	 also	 the	 church	 most	 likely	 to	 minimize	 the	 risks	 of	








related	 to	 differences	 in	 a	 number	 of	 key	 parameters,	 including	 the	 heating	 system	
strategy	 and	 mode	 (radiation,	 convection,	 or	 a	 combination	 of	 the	 two);	 the	 level	 of	
heating	system	control;	the	continuous	or	intermittent	use	of	the	heating	system	and	the	
regularity	of	occupation	of	the	building	by	the	community	for	a	variety	of	uses.	
• The	 most	 significant	 fluctuations	 in	 internal	 conditions	 of	 temperature	 and	 relative	
humidity,	and	those	that	are	potentially	most	damaging,	occur	in	intermittently	heated	
churches	 with	 convective	 air	 heating	 systems	 compared	 to	 radiant	 and	 underfloor	
heating	systems.	
• Utilising	 the	 thermal	 mass	 of	 the	 building	 as	 part	 of	 the	 heating	 strategy	 can	 be	
beneficial	for	the	comfort	of	the	occupants,	and	the	conservation	of	the	building	fabric	
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